Abstract: This is a first attempt to analyse species-specific light attenuation in mixed boreal forests created by shoot-level 3D tree models. The models are configurations of real individual Scots pine (Pinus sylvestris L.) and silver birch (Betula pendula Roth.) trees grown in mixed-forest stands. We study species-specific differences in radiation transmission by using the ray-casting method. Light transmission was found to be higher in dense birch-dominated stands compared with dense pine-dominated stands because of the higher total foliage area and the higher location of foliage in the pine canopy. Transmission of light per leaf area index (LAI) was nevertheless higher in the pine canopy compared with the birch canopy because of foliage clumping. Especially in clumped canopy, species-specific shoot-level light simulations enable a more realistic estimation of light transmission compared with simpler calculations based on LAI and Beer-Lambert's law. The observed differences in light-transmission characteristics of the studied species may influence the development of target crowns in the neighbourhood. Light attenuation caused by the dense foliage zone in the upper pine canopy could be avoided in dense stands by mixing species with different vertical foliage distributions.
Introduction
The photosynthetic production of a tree is dependent on the quantity of available radiation and the efficiency of light interception within the crown. Optical properties of foliage and foliage display alter the intensity of solar radiation as it penetrates through the canopy, leading to a heterogeneous spatial mosaic of light (Pearcy et al. 2004) . Foliage display depends on crown architecture, which is highly diverse among trees. An adequate description of canopy architecture is thus crucial for light-transmission models for forest stands (Sinoquet et al. 2005) .
Mixed forests have structurally complex canopies because tree species coexisting in similar light environments can vary widely in foliage display and branching architecture, as crown architecture is largely species-specific (Hallé et al. 1978) . Structurally complex canopies are also complex in terms of light-transmission modelling, because architectural characteristics, e.g., crown density or leaf area index (LAI), foliage dispersion, leaf inclination angle, and vertical foliage distribution, influence light transmission (Sampson and Smith 1993; Duursma et al. 2011) . A detailed description of canopy architecture is difficult and laborious to construct and, possibly because of this, the potential importance of interspecific light-transmission differences has rarely been studied (Canham et al. 1994; Constabel and Lieffers 1996; Bartelink 1998; Messier et al. 1998 ). The few results show that species-specific light-transmission variation closely correlates with shade tolerance, successional status of the species (Canham et al. 1994; Messier et al. 1998) , and the degree of foliage clumping (Messier et al. 1998; Bartelink 1998) .
Species-specific neighbourhood effects on tree growth have been reported for many species (Uriarte et al. 2004; Stoll and Newbery 2005; Coates et al. 2009; Thorpe et al. 2010) . Speciesspecific effects of similarly sized neighbouring trees on target tree crown architecture may relate to nonresource signals such as light quality (Aphalo and Ballaré 1995) , mechanical crown collision (Meng et al. 2006) , or chemical signalling with volatile organic compounds (Baldwin et al. 2007 ), or to species-specific utilization of growth resources, most importantly light. In this paper, we examine the precise influence of the neighbour identity on light availability for the target trees.
Modelling species-specific radiation characteristics requires adequate computational methods that consider spatial foliage variability. In general, models describing light transmission in forest canopies are based on either the turbid medium approach to attenuate radiation Saeki 1953, 2005) or the description of shading elements as parts of detailed canopy architecture (Da Silva et al. 2012) . To deal with the vertical distribution of foliage amounts and properties in the turbid medium approach, the canopy has been divided into homogeneous layers, with each layer having defined foliage characteristics and extinction coefficients (K) that describe how readily the crown material can be penetrated by light beams (see Lieffers et al. 1999 ). These models assume randomly distributed elements of shading, and thus only work well in canopies with randomly distributed foliage, e.g., even-aged monocultures after canopy closure (Sonohat et al. 2004; Monsi and Saeki 2005; Balandier et al. 2006; Hale et al. 2009 ). To improve the models, a leaf dispersion parameter or clumping index (STAR) was introduced (Nilson 1971; Ross 1981; Stenberg 1994; Kucharik et al. 1999; Smolander and Stenberg 2003) . More detailed crown architecture is represented in methods based on ray tracing (Cieslak et al. 2008) , radiosity (Chelle and Andrieu 1998) , and grid-based methods (Wang and Jarvis 1990) , or in methods based on the statistical presentation of heterogeneity (Duursma et al. 2011) . There are few ray-tracing-based radiation models that can be used for modelling light conditions in mixed forests at tree level by using species-specific crown shape, foliage density, foliage inclination angle, or crown opacity as input (Bartelink 1998; Stadt and Lieffers 2000; Da Silva et al. 2008 ).
Here, we were able to combine species-specific light transmission and detailed crown characteristics using precise shoot-and leaf-level 3D tree models (Lintunen et al. 2011) . Using 3D models of Scots pine (Pinus sylvestris L.) and silver birch (Betula pendula Roth.) (Lintunen et al. 2011) we were able to create forest stands consisting of one or both of the studied species, having crown characteristics typical for a given developmental stage and degree of competition. This enabled us to use a ray tracing method to (i) analyse species-specific light transmission in Scots pine and silver birch stands and their mixtures by keeping the overall tree size and stand density static, which would have been almost impossible to assess experimentally and (ii) to better determine the species-specific crown characteristics explaining light transmission such as LAI and tree-level STAR (Oker-Blom and Smolander 1988) . LAI has been previously reported for pine (Stenberg et al. 2004; Jonckheere et al. 2005) and birch (Johansson 1996 (Johansson , 2007 , but comparing species-specific LAI between similarsized individuals in similar growing conditions is not possible based on the earlier results. Tree-level STAR has not been reported previously for pine, and Tree-level STAR for birch has been reported only for small saplings (Delagrange et al. 2006) . Our study was additionally motivated by the fact that the proportion of Scots pine and silver birch affects their growth and structure in mixed forests (Lappi-Seppälä 1930; Mielikäinen 1980; Valkonen and Ruuska 2003) , and yet the role of radiation on these speciesspecific competitive effects has not been assessed directly (see Kaitaniemi and Lintunen 2010) .
Material and methods

Virtual study plots
Scots pine and silver birch grow commonly together in most of Eurasia (Hämet-Ahti et al. 1992) and are widely cultivated species of great economic importance, especially in Scandinavia. They are pioneer trees that actively compete for light: at medium fertile sites they gain height approximately in-phase (Valkonen and Ruuska 2001) . Our main focus was to examine the effect of speciesspecific branching architecture and leaf display of neighbouring trees on their light transmission. We constructed 20 virtual circular plots with varying characteristics (Table 1) surrounded by a homogenous mixed-edge forest. The stands fall into two groups: pole stage (tree height 8 m, hereafter called the young stand) and early thinning stage (tree height 16 m, hereafter called the mature stand). Furthermore, within these two groups we considered two stand densities, dense and sparse. The density classification was based on basal area recommendations for managing Scots pine or silver birch forests of a given height (Table 1 ; Forest Development Centre Tapio 2007).
Ten replicates of plots 1-20 of Table 1 were generated for radiation calculations with random numbers of trees arranged in random positions within each circular plot. The number of trees, hereafter called close neighbours, was obtained using the Poisson distribution. The radius of the circular plot was set to 20 m.
We simplified the structural description of the plots to ensure that the simulated 3D Scots pine and silver birch trees were identical within one set of circular plots with the given tree density: one Scots pine tree and one silver birch tree per plots 1-20 of Table 1 were generated and then copied to their positions (Fig. 1) . The crown structures of the eight tree individuals were simulated with the models by Lintunen et al. (2011) using the tree-level input information given in Table 1 . The models included the effects of competition on crown features as stand averages, but local crown interactions, such as individual crown asymmetry, were ignored. To diminish the potential effect of this restriction, the standspecific average crown radius was always used as the minimum distance between tree individuals in the simulations.
A homogenous mixed-edge forest extending to infinity was assumed to surround the 20 m radius circular plots. The edge forest was defined using species-specific LAI and crown layer depth adopted from the trees on the plot. Light transmission in the edge forest was calculated simply by using the Beer-Lambert law (eq. (4)).
Constructing the crown architecture of Scots pine and silver birch
In the 3D Scots pine tree models, needles in the green shoots were pictured as segment cylinders surrounding the woody twigs. The model by Lintunen et al. (2011) predicts the needle area and needle length of the shoot. Needle area is a function of the shoot radius, shoot age, vertical position within the crown, and branching hierarchy, and needle length is a function of the shoot radius and its relative vertical position within the crown (Lintunen et al. 2011 , Appendix 1). Needle length varied from 30 to 70 mm in our study. Needle angle was set to 40°in current-year shoots (Smolander and Stenberg 2003) and 60°in older shoots, based on observational values.
Leaves in the 3D silver birch tree models were pictured as triangles with a constant ratio of 0.82 between base and height. Short shoots (Lintunen et al. 2011) had two leaves, the area of which varied according to leaf position and tree height from 5.1 to 13.9 cm 2 . Long shoots (Lintunen et al. 2011 ) had 6 or 10 leaves with an area of 11.8 cm 2 . The leaves were connected to branches with a petiole that had a constant length of 2 cm. Leaf inclination increased with relative height and the azimuth angle was determined by the orientation of the short-and long-shoot axes (Lintunen et al. 2011 ).
Analysis of radiation
Radiation conditions of the target pine trees were evaluated using the LIGNUM model (Perttunen et al. 1998 (Perttunen et al. , 2001 Sievänen et al. 2008) . The model only considers photosynthetically active radiation (PAR), thus, reflections of radiation can be omitted from the computations.
We calculated the levels of transmitted radiation for the target tree in the middle of the plot. We did not consider self-shading in the crown of the target tree, and thus the target species does not affect the results. The same pine trees constructed on the surrounding plot were used as target trees. To save computational time, we only calculated radiation levels for a sample of crown positions. The samples contained the terminal shoot of each firstorder branch and an additional three shoots, chosen by their distance from the branch tip in relation to the branch chord length (0.15, 0.45 and 0.70). A target crown contained 152-199 sample positions, depending on the stand type. Transmitted PAR was assumed to have been emitted from the midpoints of 161 sky sectors; 160 sectors were divided into 10 inclination classes, and the zenith had its own sector. The 160 sectors were assigned to the inclination classes so that the solid angles represented by the sectors were as constant as possible; hence, inclination classes near the horizon had more sectors than those near the zenith. Sector azimuths in each inclination class were evenly distributed in the range [0, 2] . The relative brightness of the sectors was derived from the radiation distribution of standard overcast sky (Ross 1981; Perttunen et al. 2001) . We considered the total unshaded PAR during the growing period to be 2055 MJ·m −2 on the spherical surface (radiation perpendicular to the surface, also known as ball sensor reading), corresponding to conditions in southern Finland (Stenberg 1996b) . Sector brightness was set accordingly.
Shading caused by the trees was calculated using ray casting from a sample position on a shoot towards each sky sector. We tested for any foliage shading the ray's path (Perttunen et al. 1998 (Perttunen et al. , 2001 ). Transmittance through a needle cylinder of a Scots pine shoot was calculated as (Perttunen et al. 1998; Oker-Blom and Smolander 1988) (
where is the acute angle between the ray direction and the axis direction of the shoot cylinder, K is a function given in Oker-Blom and Smolander (1988) , A f is the needle area of the shoot, V f is the volume of the needle cylinder, and l is the distance the light ray has travelled in the needle cylinder. Equation (1) also accounts for the shading of the shoot's woody twig. Transmittance of all the silver birch leaves was a constant of = 0.06, according to Ross (1981) . In addition to foliage shading, we checked whether the ray hit the woody parts of the shoot segments. When a hit was found, the ray was considered blocked, i.e., = 0.
The transmitted radiation for a certain position in the target tree crown is given as (2)
where P is the set of directions of the sky sectors, I p is the set of shading elements on the circular plot along the path to sky sector p, and Q p is the radiant intensity coming from sky sector p and passing through the edge forest. We calculated radiation attenuation in the edge forest using the Beer-Lambert law (Monsi and Saeki 2005) . The extinction coefficients K n and K l were 0.14 (for total needle area; Stenberg 1996c) and 0.5 for Scots pine and silver birch, respectively. A theoretical value of 0.5 was used for birch as we assumed that the leaf blades are randomly oriented. In this case
where Q p0 is the radiant intensity coming from sky sector p; L n and L l are the LAI of needles and leaves in the edge forest, respectively;
and l p is the distance that ray p has travelled in the edge forest. Shading caused by woody parts was not considered in the edge forest.
To analyse the precise role of species-specific crown architecture in determining light transmission at the simulated stands, we analysed STAR values (Oker-Blom and Smolander 1988) at tree level. STAR is the ratio between foliage silhouette and total foliage area averaged over the entire sky hemisphere, with a maximum value of 0.25 for pine and 0.5 for birch (Stenberg 1996a; Duursma et al. 2011) . We indirectly calculated STAR based on light penetration through a crown from different inclination and azimuth angles and total leaf area (Stenberg 1996a ).
Comparison of model results with empirical measurements at young stands
Simulated radiation at stand level was compared with empirically measured relative PAR levels in a separate set of young, actual forest stands with varying mixtures of Scots pine and silver birch (Table 1 in Lintunen et al. 2011) , to serve as a simple first-step validation of the model. We measured tree information from 26 circular field plots with a diameter of 10 m, as well as instantaneous radiation on an overcast day using a PAR sensor (PQS 1 PAR Quantum Sensor, Kipp & Zonen, Netherlands) located in the middle of each plot at a height of 3.5 m. A simultaneous control measurement was obtained at an open field site nearby to estimate the PAR above the canopy. Tree height at the stands varied from 5 to 15 m, with an average of 8.4 m. Similar plots with identical tree positions and tree sizes were then reconstructed with LIGNUM using the models by Lintunen et al. (2011) , surrounded with a homogeneous edge forest, and the transmitted PAR in the middle of the stand at a height of 3.5 m was simulated as in the virtual study plots (Kaitaniemi et al. 2013) . Comparisons between the simulated and field-measured values were made using the relative amount of PAR. Field-measured PAR at the measurement point was standardized with respect to the fieldmeasured PAR at an open site, and the simulated PAR with respect to the simulated PAR above the canopy (Messier et al. 1998 ).
Statistical analysis
Differences in light transmission between species mixtures were statistically analysed for each stand type. We used linear mixed modelling (PROC MIXED, SAS 9.2, SAS Institute Inc.) to describe the nested structure of data within each of the 10 repeated To test the statistical significance of the species for vertical light transmission, we used generalized linear modelling (PROC GENMOD, SAS 9.2, SAS Institute Inc.). The dependent variable in the model was the intensity of transmitted PAR, and independent variables were height within crown and interaction between neighbour species and height within crown. The statistical significance of the interaction variable was tested separately within each combination of tree height and stand density. Fig. 3 . Least-squares means of transmitted light within crown is presented against the percentage of pine in the close neighbour trees at different virtual stand types (numbers in square brackets refer to the corresponding stand numbers in Table 1 ); self-shading of the target tree was ignored. Maximum unshaded radiation from all sky sectors in a growth period is 2055 MJ·m −2 . Error bars indicate 95% confidence intervals. Different letters indicate significant differences between species mixtures separately within each combination of tree height and stand density (Tukey-Kramer's test at P < 0.05). Intensity of transmitted photosynthetically active radiation (PAR) is presented for each sample shoot at different heights within the crown in (A) dense stands and (B) sparse stands (numbers in square brackets refer to the corresponding stand numbers in Table 1 ). The slopes between species were significantly (P < 0.05) different in dense stands, whereas within sparse stands there were no significant differences. Analysing the nonlinear relationship between light transmission and LAI was conducted with exponential regression modelling (PROC NLIN, SAS 9.2, SAS Institute Inc.). The model iteratively searches for the least-squares value for the light extinction coefficient K in the model explaining the average relative light transmission per crown metre (Y = exp(−K × LAI); Saeki 1953, 2005) . To compare the species and different stand types, the overlap of 95% confidence intervals for estimated K was checked.
Nonlinear modelling was also applied for analysing the vertical distribution of LAI within crown. In this case, least-squares value for the first term in a second-degree polynomial function (LAI = b1 × height 2 + b2 × height − b3) was searched to compare the shape of the vertical LAI distribution between trees. To compare the species in different stand types, the overlap of 95% confidence intervals for estimated b1 was checked.
Results
Stand-level model validation based on actual field stands showed a clear positive correlation between the simulated and field-measured PAR values in spite of high dispersion (Fig. 2) .
Among the simulated dense stands in the virtual study plots, the average intensity of transmitted light was on average 7% and 11% higher in young and mature pure birch stands compared with young and mature pine stands, respectively (Fig. 3 ). Significant differences in light transmission were found in addition to the comparison of pure birch and pine stands in comparing young dense birch stands with an 80% pine mixture and mature dense 80% birch mixture with pine stand (Fig. 3) . Among the sparse stands, young 20% birch mixture or young 80% birch mixture transmitted more light than young pure pine stands (Fig. 3) , whereas there were no statistical differences among the sparse mature stands (Fig. 3) .
Because the amount of variation between repeated simulations was large (Fig. 3) , we performed an additional test to ensure that the light transmission differences between the dominating species in dense stands were due to the constructed species-specific crown architectures and not random tree placements. To do this, we fixed the location of the neighbour trees within a stand, and only changed the identity of the neighbours. Again, birch transmitted significantly more light in dense stands (Fig. 4a) . Speciesspecific decreases in light transmission with depth within crown were significant in the dense stands: among the young stands, light transmission in a growth period decreased 333 MJ·m −2 (95% CI ± 15 MJ·m −2 ) per metre in crown depth in pine stands and 14 MJ·m −2 (±6 MJ·m −2 ) less in birch stands; similarly in mature stands, light transmission in a growth period decreased 225 MJ·m −2 (±11 MJ·m −2 ) per metre in crown depth in pine stands and 9 MJ·m −2 (±3 MJ·m −2 ) less in birch stands (Fig. 4) . In sparse stands, there was no significant difference in light attenuation between species (Fig. 4b) .
The largest differences in light transmission between the studied neighbour species were visible in the target crowns at heights below 5 and 13 m in young and mature stands, respectively. In the sparse stands, no light-transmission differences were observed between the neighbour species in young stands, whereas pines seemed to transmit slightly more light in the crown bottom in the mature stands (Fig. 4b) . Light-transmission differences between young and mature stands were especially clear in sparse stands (Fig. 4b) .
LAI varied between 2.2 and 4.0 in the simulated pure pine stands and between 1.2 and 3.0 in pure birch stands, when the definition of LAI for pine was half of the total needle area per unit ground surface area (Chen and Black 1992) and that for birch was one-sided leaf area per unit ground surface area (Monteith and Unsworth 1973, Fig. 5 ). To analyse the K for the simulated stands, radiation transmission was plotted against downward cumulative LAI of close neighbour trees (Fig. 5) . Transmission of light per unit of LAI was significantly (95% confidence intervals for K did not overlap) higher in pine-dominated stands compared with birchdominated stands, and in dense stands compared with sparse stands (Fig. 5 ). There were no significant differences in K between young and mature stands (Fig. 5) .
We analysed some crown characteristics affecting light transmission beyond LAI. Vertical foliage distribution differed between the simulated trees (Fig. 6 ). When the shape of the vertical distributions was analysed statistically with a seconddegree polynomial function, the difference between species was clearly significant (95% confidence intervals did not overlap) only in dense mature stands. Tree-level STAR values (silhouette area of crown divided by total leaf area) were lower in pines than birches, indicating that there was more foliage clumping in pines Table 1 . Self-shading of the target pine was ignored. LAI is calculated as one-sided leaf area per ground surface area for birch and half of total needle area per ground surface area for pine. Each point in the graphs is an average of 10 simulations; 95% confidence intervals are presented in parenthesis. Exponential fit of the Beer-Lambert law (Y = exp(−K × LAI)) is presented for each stand type with 95% confidence intervals. (Fig. 7) ; the STAR values were 75% and 50% smaller than the maximum value in pines and birches, respectively. No differences in the STAR values between young and mature crowns were observed in pines, whereas clumping increased with tree ontogeny in birches (Fig. 7) .
Discussion
Differences in light transmission between Scots pine and silver birch
Our simulations with different stand configurations showed that radiation conditions depend on the percentage of pine and birch present when differences in tree size and stand density are controlled. The average intensity of transmitted light was dependent on the species occurring in dense stands, as pure birch stands transmitted more light than pure pine stands (see also Messier et al. (1998) and Stadt and Lieffers (2000) ). Accordingly, light attenuation was steeper with canopy depth in dense pine stands than in birch stands. The percentage of pine had no statistically significant effect on light transmission at mature sparse stands, and in young sparse stands, species mixtures transmitted more light than pine monocultures. Light-transmission variations between the simulated stands were high, which suggests that the spatial arrangement of tree individuals within a stand also had a strong effect on light transmission (see Bartelink (1998) ).
The light extinction coefficients simulated for pine and birch stands corresponded, in general, rather well to earlier reports (Johansson 1990 (Johansson , 1996 Stenberg 1996c) . Light attenuation per LAI was lower in dense stands compared with sparse stands. A similar trend of decreasing light extinction coefficient with increasing stand density has been shown before empirically (Johansson 1990) and theoretically (Stenberg 1996c) . In dense spacing, there is more shading and clumping, leading to decreased light interception efficiency. With a given light transmission, increased clumping in dense stands results in a decreased light extinction coefficient (Stenberg 1996c) .
Simulated light transmission was in accordance with our empirical measurements at stand level. Short-term measurements on overcast days generally give rather good estimates of mean growing season light transmission in boreal forests, despite the spatial and temporal simplicity of the measurements (Messier and Puttonen 1995) . High scattering between simulated and measured light transmission is partly caused by the lack of directional crown asymmetry in the virtual trees that causes overestimation of variation in the simulation results . Validating the variation of light transmission within the canopy will be the next step in the model validation.
We used randomly distributed identical tree crowns within species within stands, which can be considered as a compromise between complete regularity with homogeneous tree distribution and systematic grouping of trees . In the seedling stage, tree distribution can be regular at planted stands and very heterogeneous at naturally regenerated stands, but develops to something in between before maturity (Pohtila 1980) .
The assumption of identical tree crowns ignored the possibility of asymmetric crowns. A heterogeneous light environment around the plant typically results in branches growing vigorously in the sunlight and slowly in the shade (Umeki 1995; Rouvinen and Kuuluvainen 1997; Umeki 1997; Stoll and Schmid 1998; Brisson 2001; Rautiainen et al. 2008) . Crown asymmetry occurs most in dense irregular stands (Umeki 1997) . In Scots pine, crown asymmetry develops slowly, being almost absent in young trees and then gradually increasing towards maturity Rautiainen et al. 2008 ). In naturally regenerated and self-thinned mature Scots pine stands, over half of the total tree population have been reported to have clearly asymmetric crowns (Rouvinen and Kuuluvainen 1997) . For silver birch, there were no reported measurements, although it is known that silver birch also prefers to grow its branches towards empty space (Niemistö 1995) .
Because of the simplifying assumption of identical crowns, the results can be interpreted as species-specific averages at stand level, i.e., no local spatial dynamics can be analysed. The use of random spatial distribution of trees with fixed crown shape was likely to result in slight overestimations of light transmittance owing to unrealistically high clumping because of crown overlapping , and also in overestimated spatial variability of radiation within stand and between repeated simulations (see Umeki (1997) ). However, by using the restriction of crown radius as the minimum distance between the tree individuals, this bias was reduced especially at young stands, as small trees are generally rather symmetric (Rautiainen et al. 2008) .
The novel feature of our model was the detailed shoot-level crown structure that can be modified according to the size and competition status of the study species. The model results can be expected to be best applicable at medium fertile sites, where Scots pine and silver birch compete for light with each other fairly equally, and thus grow to approximately the same size. As our simulations represented transient tree architecture at the end of a growing season, when the growth of new pine shoots is finished for the year and all birch leaves have burst but no shedding has Table 1 ). Lines present fitting of second-degree polynomial functions to the data in pine (thick line) and birch (thin line) in young (grey), mature (black), dense (solid), and sparse (broken) stands. started, the LAI in our results represented a maximum in a growth season's period. More light is transmitted through a birch canopy in the beginning of the growing period when the leaves are bursting and growing (Ross et al. 1986; Constabel and Lieffers 1996) , which was not accounted for in the light simulations. This will likely slightly increase the difference in light transmittance between birch and pine forest at the scale of the whole growing season.
Species-specific crown characteristics behind light transmission
Light extinction was lower in pine stands than in birch stands. This likely resulted from foliage clumping, which was measured using STAR. Foliage clumping was clearly higher in pine crowns compared with birches. Clumping is especially typical for species with small leaves such as conifers with needles, because the centres of small leaves are necessarily closer to each other and to branches and (or) stems because of their shortness (Falster and Westoby 2003; Duursma et al. 2011 ). Silver birch leaves are not only larger, but also are distributed more evenly inside the crown (Messier et al. 1998) , which could be seen as a higher STAR value. Tree-level STAR values have not been reported before for pine and only for small saplings for birch, and these results were in accordance with our results (Delagrange et al. 2006 ). STAR at the shoot level depends on needle and shoot geometry and shoot orientation relative to the projection direction of light (Stenberg 1994 ). However, tree-level STAR values also include the effect of between-shoot clumping and were lower, as expected, compared with the STAR values found for pine at the shoot level in the study by Stenberg (1994) . A decrease in tree-level STAR with increasing inclination resembles the trend found at shoot level in a previous study for pine (Stenberg 1996c) . For 1-year-old birch saplings, the opposite trend has been found, but the trend started to change after 1 year, probably because of higher leaf area and increased self-shading with tree size (Delagrange et al. 2006) .
In our simulation results, canopy light transmission was closely proportional to the cumulative LAI throughout the whole canopy in birch-dominated stands, as assumed by the Beer-Lambert model Saeki 1953, 2005; Saeki 1960 ). In pine-dominated stands, K fitted to the data produced underestimations of transmitted light. The Beer-Lambert law assumes randomly distributed shading elements, hence, it only applies well to canopies that have randomly distributed foliage (Saeki 1960) . In regular, closed-canopy stands, light absorption by trees is closely related to LAI (Oker-Blom et al. 1989; Mäkelä 1990; Nikinmaa 1992; Bartelink 1998) as was the case with birch in our study. However, the BeerLambert model produces light-transmission underestimations in stands where foliage is clumped between and within trees (e.g., Oker-Blom 1986; Bartelink 1998; Chen et al. 2008) , such as in our simulated pine stands.
The main crown characteristics that could explain speciesspecific differences in the simulated light transmission in addition to foliage clumping were foliage area and foliage display. Foliage area was larger in pine. LAI values corresponded well to values reported earlier for pine (Stenberg et al. 2004; Jonckheere et al. 2005 ) and birch (Johansson 1996 (Johansson , 2007 . Foliage was also situated higher up in dense pine canopies compared with birch canopies. Light transmission in the canopy of dense stands differed between neighbouring species, beginning from the point with the highest needle mass in the pine canopy and continuing downwards from that point (compare Figs. 4 and 6 ). It seems that in dense pine stands, this layer of foliage formed a zone that effectively attenuated light. In sparse stands, this effect did not exist owing to the scattered placement of individual crowns and allocation of foliage lower down within the crown. Pines typically have short crowns (Thorpe et al. 2010 ) and they shift the point of maximum needle mass upwards related to competition (Kellomäki et al. 1980; Hynynen 1995) , whereas birch crowns are longer with their foliage allocated at lower parts of the canopy. This leads to a rather low shading effect on equal-sized neighbour trees in birch canopy.
Light transmission decreased from young to mature stands, especially in the birch stands. Light transmission decreases in birch stands owing to stand aging were connected more to the increases in LAI that affected light transmission than the placement of foliage lower down in the crown or increased clumping. With increasing plant size, the costs of supporting a given leaf area are lowered by increasing foliage clumping (Mäkelä and Sievänen 1992; Duursma et al. 2010 Duursma et al. , 2011 . The crowns of young trees are dense and their foliage is evenly distributed, which results in high light-harvesting efficiency and high K in young trees (Niinemets et al. 2005) . Light transmission in pine stands was more constant with tree ontogeny, consistent with unchanged LAI and unchanged STAR.
The annual average intensity of transmitted light penetrating through the neighbours was approximately 10% higher at dense birch stands compared with dense pine stands. A previous study with nonshaded birch trees showed that such differences are Fig. 7 . Tree-level STAR (silhouette area of tree crown divided by total foliage area) is plotted against different inclination angles of view towards the tree (0°means horizontal view angle, i.e., looking from the side of the crown; 90°means looking vertically at the bottom of the crown) in (A) Scots pine and (B) silver birch. Numbers in square brackets in (A) and (B) refer to the corresponding stand numbers in Table 1 . For each inclination angle, STAR is an average of three azimuth angles. Note that the maximum STAR value for pine is 0.25 and for birch 0.50 (Stenberg 1996a; Duursma et al. 2011 
(°) sufficient to affect tree growth if PAR availability becomes directly translated into differences in the nitrogen utilization efficiency by the crown (Kaitaniemi 2007) . Such differences in light-transmission characteristics of the studied species may therefore elicit compensatory responses in target crowns in their neighbourhood. In practise, light attenuation effects caused by the dense foliage zone in the upper pine canopy could be avoided in dense stands by mixing species with different vertical foliage distributions. Follow-up studies will acknowledge the asymmetric crown structure of tree individuals within stand by including a spatial competition effect into the 3D tree models and use the model to analyse the efficiency of nitrogen utilization within the crowns of the studied species.
